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FOREWORD

The work reported in this document was performed for NASA-Ames
Research Center under Contract NAS2-10489. During the period of
performance of this contract, Mr. John T. Howe was the NASA Technical

Monitor.
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SECTION 1
INTRODUCTION

The National Aeronautics and Space Administration (NASA) is
planning to launch a Jupiter Orbiter Probe during 1984. The goals of the
mission, designated Galileo, are to explore the planet Jupiter and to
gather clues to the origin of the solar system. The probe will carry an
array of instruments for investigating the Jupiter atmosphere, including
instruments to measure the atmospheric composition and perform a local
radiative energy balance.

The general features of the entry into the Jovian atmosphere are
set by the unique features of the planet itself. Because of its mass,
Jupiter has about six times the gravity of Earth; moreover, it rotates
rapidly about its axis. The probe will approach the Jovian atmosphere
with an inertial velocity of 60 km/sec and enter the atmosphere in a
near-equatorial plane in the direction of the planetary rotation. The
relative velocities between the probe and the atmosphere will be reduced
to roughly 48 km/sec, still a factor of 7.8 higher than ICBM entry into
Earth's atmosphere. At the velocities projected for Jovian entry, strong
shocks will envelope the probe creating a radiatively participating
flowfield and yielding extremely hostile radiative and convective heating

environments.




To accommodate the intense entry heating, effective thermal
protection systems must be designed. The heatshield must be able to
withstand the intense heating, yet be light enough to allow the design
payload of scientific instruments to be carried. Carbon-phenolic has been
identified as the baseline material for this mission. As earlier studies
show, carbon-phenolic can provide the required thermal protection for a
heatshield weight allocation of 30 to 45 percent of the probe weight.
Figure 1-1 shows the candidate Galileo probe configuration.

The design of the Galileo probe heatshield is in its final stages.
Because of the weight and time critical nature of the probe mission,
sophisticated or benchmark prediction procedures are to be employed. It
is anticipated that the results obtained from the benchmark predictions
will be used directly for the sizing of the heatshield.

The analysis used in the benchmark procedure should account for all
the important physical events that occur in the hypersonic flowfield.
Thermal radiation is the dominant energy exchange mode for the entry
conditions encountered during Jovian atmospheric entry. Radiation is
emitted in the outer regions of the shock layer. The intensity of
radiation strongly depends upon flight conditions, size, and shape of the
shock that envelopes the body, and the model atmospheric composition of
the planet. This intense radiation causes massive ablation which affects
the entire flowfield over the probe. For example, it was found in
previous studies that ablation products form a thin layer near the wall
for laminar flows. This ablation product layer can shield the wall, in
part, by absorbing a significant portion of the incident radiation.
However, if the flow over the probe becomes turbulent, the eddies tend to

break up the ablation product layer and mix the ablation products with the
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Figure 1-1.
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environmental gases. This eliminates the attenuation of the incident
radiation and increases the temperatures in the near-wall region of the
mixing layer. Both effects enhance the net radiation to the wall. In
addition, the combination of increasing shear and increasing standoff
distance tends to increase ablation rates with distance in the flank
region of the probe. This could have a severe impact on the heatshield
weight.

Accurate predictions of the entry heating events have been found to
require detailed modeling of the flowfield. Particﬁ]ar attention needs to
be directed to the thermochemistry, transport, and radiative properties of
the entire shock layer and how they couple to the flowfield. The
currently employed approximate methods appear to have serious problems in
predicting both the levels and the trends of the heating environments.

The benchmark prediction procedure to be used in the present study
to solve the entry heating problem is the Radiating Shock Layer
Environment (RASLE) program (References 1 and 2). It considers most of
the important physical events during entry into outer planetary
atmospheres. The RASLE code computes the quasi-steady radiative and
convective heating environments as a function of entry trajectory
conditions, probe shape, and model atmosphere. Heatshield sizing
calculations are carried out at a number of specific entry conditions
taken from the entry trajectory. This yields a matrix of solutions meant
to define the entry heating pulse and the total mass (integrated over both
time and surface area) lost from the body.

The atmospheric composition of the planet significantly influences
the heating rate. From the data obtained by the latest Pioneer 10 and

Pioneer 11 missions and earth-based experiments, the Jovian atmospheric
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composition is determined to be made up primarily of hydrogen, secondarily
helium and trace amounts of other gases. However, the precise
compositions of the constituent gases are not known. Five model
atmospheres were proposed by Orton (Reference 3). They were the nominal,
cool-light, cool-heavy, warm-light, and warm-heavy. Entry into cool-heavy
model atmosphere is the severest one. For design purposes, it is adequate
to analyze entrie§ into nominal model and cool-heavy model atmospheres.
The objective of the present study is to obtain a matrix of
benchmark heating environments to the Galileo probe forebody. The matrix
selected considers two probe weights (310 kg and 290 kg) and both the
nominal and cool-heavy model atmospheres. For each model atmospheric
entry, seven trajectory times were selected. These selected trajectory
times include early, peak, post-peak, and late times in the heating
pulse. The 310 kg probe was taken as the baseline configuration. Two
additional solutions were obtained for the 290 kg probe to allow
comparison to be made with the solutions obtained by other investigators.
The following sections present the results of this study. In
Section 2, the results of the trajectory calculation are given. Wall
heating and ablation rates to the forebody are presented in Section 3 for
the nominal model and Section 4 contains the results for the cool-heavy

model atmospheric entry.



SECTION 2
ENTRY TRAJECTORY CALCULATIONS

The benchmark calculation procedure, RASLE code, needs as input the
local value of freestream velocity and the corresponding density. These
trajectory properties are calculated using a trajectory code. The details
of the trajectory calculation procedure were described in References 4
and 5, and are not given here. Only a brief summary is given below.

The trajectory calculation scheme estimates the local value of
freestream quantities such as velocity, density, and altitude as a
function of entry time. The governing equations of motion are integrated
using a fourth-order Runga Kutta method. The formulation considers the
gravitational effects of the planet, the angular rotation of the planet,
and the nonspherical shape of the planet. However, the probe shape and
the associated ballistic coefficient are assumed to be invariant during
the entry.

The trajectory code uses input tables of altitude versus pressure,
temperature, and density. Tables of these data were supplied to us by
NASA/Ames for the Orton (revised) model, and used to construct the input
tables needed for the trajectory code. The NASA/Ames-supplied atmospheric
tables for nominal and cool-heavy models are included in Appendix A.

Probe configuration and entry parameters were also supplied by

NASA/Ames. Table 2-1 summarizes these data. Note that the present study
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addresses a 310 kg baseline probe. The probe has a conical forebody with
a 44.25 degree half cone angle and a spherically blunted nose cap with a
radius of 0.352 m. This particular probe is heavier than earlier probes
considered by NASA/Ames.

Utilizing the information provided in Table 2-1 and Appendix A, the
trajectory code outlined in References 4 and 5 was used to compute the
variation of freestream quantities with entry time. Figures 2-1 and 2-2
show the density vs velocity relations for the nominal and cool-heavy
model atmospheres, respectively.

The figures and Appendix A show that the relative entry velocity is
not affected until the probe descends to an altitude of about 250 km.
Significant deceleration of the probe occurs only in the altitude region
between 150 to 50 km range.

Two matrices of trajectory points were selected from the computed
trajectories. One matrix represents the nominal model atmosphere, the
other matrix represents the cool-heavy model atmosphere. Each matrix
consisted of seven velocity density combinations to be used as input to
the RASLE code for subsequent evaluation of the heating environments. In
addition, two trajectory points for a lighter probe (m = 290 kg) were also
considered. The trajectory calculations for the lighter probe were

performed by NASA/Langley and supplied to us by NASA/Ames.




Table 2-1. Probe Configuration and Entry Parameters for Galileo
Probe Jupiter Entry Computations

Orton models, revised August 10, 1979

@
Atmosphere
Nominal and cool-heavy
e Probe Configuration
Mass:
Nose radius:
Base radius:
Half cone angle:
® Drag coefficient:
Ballistic coefficient:
Entry Parameters
Altitude:
g Relative velocity:
Relative entry angle:
Entry latitude:
Relative azimuth:
®
@
Q
®
L
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310 kg
0.352 m
0.641 m
44,250

1.05

228.72 kg/m2

450 km
48.2 km/s
-8.60
+3.40
70.30
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Figure 2-1. Variation of Freestream Velocity With Density
for Orton Nominal Model Atmosphere
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SECTION 3
HEATING ENVIRONMENTS FOR NOMINAL MODEL ATMOSPHERIC ENTRY

The analysis used in developing the RASLE code considers most of
the important physical events that occur during planetary entry. The
detailed development of the RASLE code was described elsewhere
(References 1 and 2) and is not repeated here. In the following
subsections, brief discussions of the physics considered, numerical method
used, and the method of finding converged solutions are presented.

Results obtained for all of the nominal model atmospheric entry cases are
also given.
3.1 PHYSICAL MECHANISMS INCLUDED IN THE FORMULATION OF RASLE CODE

The physical events that occur during planetary entry are modeled
through governing equations. The governing equations include mass,
momentum, and energy transfer. For each of the physical mechanisms,
needed properties for the mixture of species are evaluated in detail. An
overview of the physics considered in the RASLE code is outlined below:

® Governing equations

The conservation equations are written for a steady state,
thin shock layer of a chemically reacting and radiatively
participating gas mixture. Terms representing the effect of

probe body curvature, nonsimilar terms, and radiation coupling




are also included. The governing equations employ the boundary
layer approximation and hence the pressure in the wall normal
direction is assumed to be constant.
Thermodynamics and chemistry

Local thermodynamic equilibrium (LTE) is assumed to exist
everywhere. From specified values of static enthalpy, static
pressure, and elemental mass fractions, an equilibrium
chemistry procedure computes the thermodynamic properties such
as density, temperature, specie mole fractions, and mean
molecular weight by integrating the specific heat. Data on
specific heats for many species, in the temperature range
(300° to 6,000°K), are tabulated in JANNAF thermochemical
tables (Ref. 6).
Molecular transport properties

Real gas transport properties are calculated based on
Yos's modified first order Chapman-Enskog theory (Ref. 7). Yos
gives mixing rules for calculating viscosity, thermal
conductivity, and binary diffusion coefficients. The needed
jnputs are the collision integrals for each pair of species.
Available data on collision integrals were curve fitted and are
used directly for calculating the momentum and energy exchange
during collisions between important species. The binary
diffusion approximation is also used.
Turbulent transport model

Mixing length models are used to describe the turbulence.
The turbulent layer is divided into two regions — inner (wall

law) and outer (wake law). In the inner region, the wall law
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equation allows growth of the mixing length as a function of
the distance from the wall and local shear. This model allows
the effect of blowing to be introduced into the turbulence
model. In the outer region, the flow behaves like a free
mixing layer, with the mixing length proportional to its
overall width.
Radiation properties and transport

A detailed, rather than a multiband, properties model is
used. Accordingly, each radiative transition is considered
individually. Molecular band systems, continuum transitions,
and atomic and ionic lines are included for the radiating
species of the C-H-0-N-Si-He elemental system. The spectrum is
divided into a large number of intervals. At each of the
selected spectral points, the spectral fluxes are calculated
using the plane-parallel slab approximation. The total flux
values are obtained by integrating the spectral fluxes.
Shock shape

The predictive procedure uses shock front radius of
curvature; therefore, the shock shape is to be specified
a priori. From the input shock shape, a body shape is
computed. In this respect, the predictive procedure can be
considered as an inverse method. The shock shape is specified
with the use of the Falanga and Olstad correlation
(Reference 8). However, the calculated body shape may not
correspond to the exact body shape. The shock shape is

iterated until the actual body shape is obtained. In practice,
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the shock shape correlation developed by Falanga and Olstad has
proven accurate enough to allow satisfactory solutions to be
obtained in two or three iterations.

3.2 METHOD OF SOLUTION

The conservation equations are nondimensionalized before attempting
to solve them. Combination of the Shvab-Zeldovich transformation and the
binary diffusion approximation reduce the set of diffusion equations to a
single equation. The Levy-Lees variables are used instead of the
primitive independent variables. Introduction of the stream function
eliminates the global continuity equation. The nodes are selected in the
wall normal direction. Interpolation relations are used to integrate the
equations between the nodes. This operation reduces the conservation
equations from partial-differential-integral equations to nonlinear
algebraic relations between the various flowfield variables evaluated at
each of the nodal points. A set of iterative equations, based on the
multidimensional Newton-Raphson method is defined to solve the algebraic
equations.

First, a solution at the stagnation point is found for a given
freestream velocity and density and an assumed shock shape about the
body. Solutions are obtained at off-stagnation points by marching off the
stagnation point using the stagnation point solution as a first guess.
Small marching steps are usually needed near the stagnation point. The
solution procedure is continued until the required body point distance is
reached. The computed body shape is compared with the actual body shape.
If significant differences exist between the two, the solution is

repeated, iterating on shock shape.




Convergence is usually obtained within three to five iterations
provided the previous upstream solution is used as a first guess and the
flowfield physics is changing gradually in the streamwise direction.
Sudden large changes in the flowfield physics, such as transition or
discontinuous change in the curvature of the body, are found to cause
convergence problems. Such problems are handled by introducing the
changes to the flowfield physics gradually, across small transition
regions defined in the streamwise direction. This causes the flowfield
profiles to change in a correspondingly gradual manner, thus allowing
solutions to be obtained.

3.3 RESULTS AND DISCUSSION FOR HEAVY PROBE (m = 310 kg)

Computed heating environments for a total of seven nominal entry
conditions are presented. Table 3-1 shows the matrix of cases considered
for the heavy probe.. Appendix B contains the RASLE calculated results for
all the seven cases. The solutions obtained assume that transition occurs
in the immediate vicinity of stagnation point. For all cases considered,
the flow was fully turbulent at a distance sIRN ~0.1. The heating rates
and ablation rates tabulated in Appendix B assume a wall response
corresponding to steady-state ablation conditions. In the present
calculation, it is assumed that wall emissivity and absorptivity are both
equal to 1.

Figures 3-1 and 3-2 show the calculated results at the stagnation
point. Figure 3-1 shows the variation of radiative heating rate and
ablation rate with trajectory time. Figure 3-2 shows the variation of
convective heating rate and pressure with time. Similar results for the

flank region (s/Ry = 2.1) are given in Figures 3-3 and 3-4.

3-5



Table 3-1. Selected Matrix of Cases for Nominal Model Atmosphere

Time Velocity, v Density, o,
Case | (sec) (km/s) (kg/m3) o V3 /0, V3| max
1 43.0 46.58 8.059-5* 0.25
2 47.0 44.47 1.869-4 0.50
3 49.2 42.30 3.046-4 0.70
4 50.3 40.87 3.861-4 0.80
5 51.5 39.04 4,966-4 0.90
6 54.1 34.12 8.262-4 1.0
7 56.7 28.37 1.290-3 0.90

*8.059-5 = 8.059 x 10-5
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At the stagnation point, the heating is dominated by radiation;
therefore, the ablation rate follows the radiative heat flux. From
Figure 3-1, it can be seen that the total heating pulse is roughly
15 seconds. After the peak heating time, the radiative heating falls off
rapidly. Figure 3-2 shows that the convective heating rate follows the
pressure. However, due to the massive blowing, the convective heating
rate levels are reduced. Note that after the peak heating, the blowing
rate decreases, and hence the convective heating rate is not reduced
significantly.

Velocity profiles at two trajectory times are presented in
Figures 3-5 and 3-6 to illustrate the breakup of the ablation product
layer. Figure 3-5 corresponds to the peak heating time in the
trajectory. The velocity profiles for various s/RN locations are
shown. At the stagnation point, the flow is laminar; however, due to
blowing, a fully blown-off ablation layer is seen. As the solution
marches around the body, the flow becomes fully turbulent, the eddies
cause reattachment at the wall. Also, vigorous mixing between the
environmental gas and ablation products occurs. As the solution moves
onto the flank, say s/Ry = 2.0, the ablation layer is considerably
thinner. Due to turbulent mixing, the ablation layer is highly mixed and
heated. Thus, the ablation layer is no longer effective as a radiation
shield. Indeed, it has been shown that the radiation emission from the
mixing layer can enhance the flux incident upon the wall under some
circumstances.

In contrast, at late entry times the blowing and radiative heating

levels fall off rapidly. As seen in Figure 3-6, the velocity profiles,
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Figure 3-6. Velocity Profiles for Trajectory Time t = 56.7 sec
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except at the stagnation point, are all attached and look like the usual
turbulent boundary layer profiles. Breakup of the ablation layer is not a
factor here.

The computed ablation rate at each streamwise station can be
integrated to obtain the mass loss rate. Figure 3-7 shows the time
history of mass loss rate. The area under the curve is the total mass
loss during the entry. For this particular entry, total mass loss is
about 101 kg. Also shown in Figure 3-7 are the mass loss rates obtained
from the results provided by COLTS (Reference 9). Results at early and
late times agree well; however, near the peak heating the difference is
about 18 percent. Explanation for the difference is presented in
Section 3.4.

3.4 RESULTS AND DISCUSSION FOR LIGHT PROBE (m = 290 kg)

Heating environments for a light probe entering the nominal model
atmosphere are presented in this section. The results calculated by the
RASLE code and COLTS are compared. Table 3-2 presents the two times in
the trajectory that were considered. For this particular probe,
trajectory information were provided to us by NASA-Ames.

Calculated results are summarized in Tables a and b of Appendix C.
Figures 3-8 and 3-9 compare the radiative heat fluxes for both the entry
times. Results indicate overall agreement. In the flank region, RASLE is
consistently higher. In the spherical segment of the probe, the agreement
is good. At the stagnation point, RASLE assumes the flow is Taminar.
However, COLTS allows propagation of turbulence effects from the
transition location upstream to the stagnation point. Therefore, results
by COLTS at the stagnation point are consistently high. A rather large

recompression is felt by RASLE at the sphere-cone juncture. This may be
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Entry

Table 3-2. Matrix of Cases Considered for Light Probe
m = 290 kg
Nominal Model Atmosphere
Time, t Velocity, v Density, o_
Case S km/s kg/m3
1 45.75 44.22 2.03 x 104
2 49.5 39.53 4.74 x 10-4
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associated with the discontinuity in curvature and the inability of the
inverse numerical method to resolve it. Similar trend was observed by
Moss (Reference 10) in his earlier investigations. A detailed comparison
between the two codes was not made. However, Menees (Reference 11)
performed such a detailed comparison between the two codes for a lighter

probe (m = 242 kg) and also found overall agreement in the predictions.
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SECTION 4
AEROTHERMAL ENVIRONMENT FOR COOL-HEAVY MODEL ATMOSPHERIC ENTRY

Benchmark solutions for nominal model atmospheric entry were
presented in Section 3. In this section, calculated results for the
cool-heavy model atmospheric entry are presented. Flowfield calculations
for entry into the cool-heavy model atmosphere are needed, since the
heating environments are very severe and may represent the design
condition. It is of interest to know the heating rates, the mass loss
rate, and total mass loss. With this information and comparing with the
results available for nominal model atmospheric entry, one can determine
the survivability of the probe if the atmosphere during entry were found
to be closer to cool-heavy model.

For this model atmosphere, seven benchmark solutions were
obtained. The freestream conditions for the selected matrix are listed in
Table 4-1. The RASLE code computed heating environments for all the seven
cases are summarized in Appendix D. Comparing the tables in Appendices B
and D, it is found that radiation heating rates are about 60 percent
higher than the corresponding heating rates for entry into nominal
atmosphere. Also, at the flank regions, the cool-heavy heating rates are
higher by a factor than the heating rates for the nominal case. This
intense heating causes large mass loss rates. The mass loss rates for

both the model atmospheres are shown in Figure 4-1. As shown, entry into

4-1




Table 4-1. Selected Matrix of Cases for Cool-Heavy
Model Atmosphere

Time Velocity, v Density3 o, 3

Case (sec) (kmfs) © (kg/m”) Pao Voo | max
1 47.2 46.65 9.450-5 0.25

2 50.3 44.57 2.177-4 0.50

3 52. 42.50 3.478-4 0.70

4 53.0 41.16 4.362-4 0.80

5 54.1 39.22 5.699-4 0.90

6 56.3 34.42 9.353-4 1.00

7 58. 28.81 1.439-3 0.90
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cool-heavy model atmosphere causes mass loss rates as high as 18 kg/sec.
The area under both the curves are found to be as follows:

Nominal model: 101 kg

Cool-heavy model: 146 kg
Temperature profiles in the shock layer are shown in Figure 4-2 at a
selected streamwise distance for three entry times. The figure
illustrates the effect of vortical or entropy layer. The entropy layer
causes the temperature profile to reach a maximum in between the wall and
the shock. The effect was seen more pronounced for the late time at
t = 58.5 sec. For that particular entry time, the peak in temperature was
at a distance of 20 percent of shock standoff distance. The peak shock
layer temperature was at 9600°K compared to a temperature at the shock
front of 5800K. Such a nonuniformity in the shock layer can only be found
with the use of benchmark solution procedures and cannot be predicted with

approximate methods in current use.
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SECTION 5
CONCLUDING REMARKS

Aerothermal heating and flowfield solutions were presented for the

forebody of a 44.25 deg sphere cone entering the atmospheres of Jupiter.

A total of 16 cases were considered. The following conclusions were

reached as a result of this study:

a.

The heating rates for entry into the cool heavy model
atmosphere were about 60 percent higher than those predicted
for the entry into the nominal model atmosphere. The total
mass lost for entry into the cool heavy model atmosphere was
about 146 kg and the mass lost for entry into the nominal model
atmosphere was about 101 kg.

The heating rates on the flank region of the probe increased
with increase in streamwise distance during early and peak
heating times of the heating pulse. At late entry times, the
heating rates were found to be leveling off. A decrease in
heating rate and hence ablation rate were not found with
increase in streamwise distance.

Strong entropy layers or vortical layers were found to be

present, particularly during late times in the trajectory.
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APPENDIX A
JUPITER ATMOSPHERE COMPOSITION MODELS
ORTON REVISED



cooL

cooL NARM MARM
PARAMETER LIGHT HEAVY NOMINAL  LIGHT HEAVY
MODEL MODEL MODEL MODEL MODEL
FRACTIONS BY
NUMBER (OR VOLUME)
Hy .96 .83 .895 .96 .83
He .04 A7 .105 .04 A7
CHy 1.20x10-3  1.20x10-3  1.20x10-3 1.20x10-3  1.20x10-3
NHq 2.00x10°%  2.00x10-%  2.00x10-4 2.00x10-4 2.00x10-*
Molecular Weight  2.1154 2.3733 2.2088  2.1154 2.3733
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Orton Revised Jupiter Cool Heavy Atmosphere (August 10, 1979)
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Orton Revised Jupiter Cool Heavy Atmosphere (Continued)
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